In the near field, the radiative heat transfer between two planar bodies can be significantly enhanced beyond the far-field limit as described by the Planck's law by the presence of the evanescent waves. [1] [2] [3] The application of such enhancements for thermophotovoltaics (TPV) has been widely studied. [4] [5] [6] [7] [8] [9] In a standard near-field thermophotovoltaic device, a thermal emitter, typically made of a refractory metal such as Tungsten, is brought in close proximity to a photovoltaic cell which typically consists of a III-V semiconductor such as GaSb or InGaAs. Compared with far-field TPV where the thermal source is separated from the photovoltaic cell by more than a few thermal wavelengths, the use of near-field TPV is predicted to result in an enhanced power density, as well as an enhanced efficiency. 10 In almost all previous works on near-field TPV, or TPV, in general, the intended application is to convert high temperature heat (>1000 K) to electricity. For example, for solar TPV applications, one needs to heat the emitter to a temperature of approximately 2000 K in order for the system efficiency to exceed that of a single junction solar cell. 11, 12 On the other hand, there is also a critical need to develop a solid-state technology for the recovery of waste heat, 13, 14 in which case the emitter is typically maintained at a much lower temperature, such as around 800 K. The analysis of a near-field TPV device for waste-heat recovery has not been done previously.
In TPV, only the photons with energy above the band gap contribute to electron-hole generation. Heat transfer as carried out by sub-band gap photons therefore is a parasitic process that is detrimental to the system efficiency. In a frequency range well below the electronic band gap, III-V semiconductors have phonon-polaritons that can contribute to such sub-band gap heat transfer. In the case of a high temperature emitter, as was previously considered, it was known that the parasitic effect from such phonon-polariton heat transfer is not substantial. 7 In this letter, we show that in TPVs designed for waste heat recovery applications, where the emitter temperature is significantly lower, the presence of phonon-polaritons can, in fact, significantly degrade system efficiency in the near field. We also show that replacing the III-V semiconductor (like GaSb) with a nonpolar semiconductor (like Ge) without a sub-bandgap phonon-polariton response can be beneficial for waste-heat recovery applications.
Throughout this letter, we consider a standard configuration as shown in Fig. 1 for theoretical modeling of the nearfield TPV system. The configuration consists of an emitter (body 1), usually made of refractory metal, with temperature T 1 and thickness t 1 brought into close proximity with a semiconductor photovoltaic cell (body 2) with temperature T 2 (T 2 < T 1 ) and thickness t 2 . We assume T 2 ¼ 300 K throughout this letter. These two bodies are separated by a vacuum gap of size d, and both bodies are backed with perfect electric conductor mirrors (Fig. 1) . The photons emitted from the hot emitter are absorbed by the photovoltaic cell to generate electron-hole pairs inside the semiconductor. These electronhole pairs can be extracted to an external circuit to generate electric power. We study heat transfer in this system using the formalism of fluctuational electrodynamics. 1, 15 In this formalism, one describes the heat transfer between objects by computing the electromagnetic flux resulting from fluctuating current sources inside each object. The magnitude of the current fluctuation is related to the imaginary part of the dielectric function of the object. Due to reciprocity, it is sufficient to consider the current fluctuations in the photovoltaic cell. For a photovoltaic cell that employs a III-V semiconductor, its dielectric function has contributions from both the interband electronic transitions at frequencies above the band gap and from phonon-polariton excitations well below the band gap. We denote the contributions to the dielectric function from the electronic transitions and the phonon-polariton excitations as e (x) and p (x), respectively. The overall dielectric function is
where x c is the cut-off frequency chosen to separate the two different contributions mentioned above. In our calculation, we choose x c to be somewhat below the band gap frequency where the imaginary part of the dielectric function is near zero. The correlation functions for the current source are 16, 17 hj a r;
where a and b label the directions of polarization, r and r 
is the expectation value of the photon energy in a single mode at angular frequency x, q is the magnitude of the electron's charge, h is the reduced Planck's constant, k B is the Boltzmann constant, and V is the voltage on the photovoltaic cell. Note that unlike the random current sources corresponding to electronic interband transition in Eq. (2), the magnitude of the fluctuation is independent of the cell's voltage for phonon-polariton excitations in Eq. (2). We use the standard dyadic Green's function technique 18, 19 to compute the transferred power density from the current fluctuations. Details on the dyadic Green's function can be found in Ref. 20 . We compute a flux spectrum U(x) resulting from a source having fluctuation with the form hj a ðr; xÞj
Þd ab . The net energy fluxes from electronic excitations E e and phononpolariton excitations E p are then obtained by integrating over the appropriate frequency ranges
x c ½Hðx; T 1 ; 0Þ À Hðx; T 2 ; VÞUðxÞ dx;
A similar calculation also yields the net above-band-gap photon flux between the two bodies as
We combine the fluctuational electrodynamic calculations with a detailed balance analysis of the photovoltaic cell 21 to analyze the TPV system. At a given voltage V on the photovoltaic cell, the current density J passing through the cell can be written as
where F and R represent the generation rate of electron-hole pairs and nonradiative recombination rate, respectively, per unit area of the TPV cell. F depends on the voltage V as shown in Eq. (6) . In this paper, for nonradiative recombination, we only consider the Auger process, which dominates in high-quality materials, and set R in Eq. (7) to
where n and p are the electron and hole concentrations, respectively, t 2 is the thickness of the cell, and n i is the intrinsic carrier density. Having computed the current density through the cell, we then obtain the output electric power density and the efficiency of this near-field TPV system as
where E e þ E p is the net energy flux from the emitter to the cell. To obtain either the maximum power or the maximum efficiency, we use either Eq. (9) or (10) and maximize with respect to voltage. In general, the voltages required to achieve maximum power differ from those for maximum efficiency. We note that this calculation directly incorporates the effect of photon-recycling between the emitter and the cell.
Throughout this letter, we choose Tungsten (W) as the emitter. We assume GaSb and Ge as the materials for the TPV cell. In the calculation, t 1 is chosen to be 1 lm to ensure significant emission from the Tungsten, t 2 is optimized to be 1 lm, which gives high efficiency when the separation between the emitter and the cell is in the far-field regime. In the case of a GaSb cell at T 2 ¼ 300 K, GaSb has a band gap of 0.726 eV, intrinsic carrier density n i ¼ 1.5 Â 10 12 cm
À3
, and Auger recombination coefficient
. 23 In Eqs. (2a) and (2b), we choose hx c ¼ 0:6 eV, below which the contribution to the photon emission from interband process is negligible. In the case of a Ge cell, Ge has a band gap of 0.66 eV, intrinsic carrier density n i ¼ 2 Â 10 13 cm
. 23 In the calculation, we choose hx c ¼ 0:64 eV, below which the absorption from Ge is very weak and is ignored in our calculations. The dielectric functions e (x) and p (x) for GaSb are obtained from Refs. 24 and 25, and those for W and Ge are from Ref. 24 . For GaSb, its tabulated dielectric function p (x) is well accounted for by the phonon-polariton model, which gives a dielectric function of p ðxÞ
þicxÞ, where x T and x L correspond to energies of 0.0286, 0.0298 eV, respectively, 1 ¼ 14.63, and c ¼ 3.3514 Â 10 11 rad/s. We apply the formalisms as described above to the TPV systems shown in Fig. 1 . We consider W-GaSb system first. In Figs. 2(a) and 2(b), we show the maximum system efficiency and the maximal electric power density, respectively, as a function of gap size d for the W-GaSb system. At a high emitter temperature T 1 ¼ 2000 K, the system has an efficiency of 56% in the near-field region at d ¼ 10 nm, as compared to an efficiency of 54% in the far-field region at d ¼ 10 lm [ Fig. 2(a), purple curve] . Also, the maximum electric power density increases from 5.67 Â 10 4 W/m 2 at d ¼ 10 lm to 1.66 Â 10 6 W/m 2 at d ¼ 10 nm. Therefore for W-GaSb system with T 1 ¼ 2000 K, operating in the nearfield results in the increase of both the system efficiency and the maximal electric power density. Here, the increase of the maximal electric power density in the near-field arises from the enhancement of heat transfer in the near field. The improvement of efficiency of near field results from narrowing of the thermal emission spectrum [4] [5] [6] in the nearfield due to the plasmons in Tungsten.
For waste heat recovery, the emitter usually has relatively lower temperatures. In Figs. 2(a) and 2(b) , we present the efficiency and the power density for T 1 ¼ 800 K in the green curves. Similar to the case of high-temperature emitter, we still observe a power density increase from 24.7 W/m 2 at d ¼ 10 lm to 839.5 W/m 2 at d ¼ 10 nm. However, unlike the case of a high-temperature emitter, here the system efficiency decreases in the near-field regime. The system has an efficiency of 50% in the far-field region with d ¼ 10 lm, as compared to an efficiency of only 39% in the near-field region with d ¼ 10 nm.
To understand the different efficiency behaviors for the W-GaSb system at different emitter temperatures, we plot in Figs. 3(a) and 3(b) the net heat transfer spectra at various gap sizes, for T 1 ¼ 2000 K and 800 K, respectively. The heat transfer spectra due to electron and phonon-polariton excitations correspond to the integrands in Eqs. (4) and (5), respectively, with V ¼ 0. The heat transfer spectra are significant only in the frequency range where GaSb has significant absorption. This is a distinct signature of photon-recycling between the emitter and the photovoltaic cell: Photons from the emitter that are not absorbed by the PV cell are reflected back to the emitter. As a result, photon recycling naturally achieves the narrowing of the heat transfer spectrum that is quite desirable for TPV applications.
In Figs. 3(a) and 3(b) , the sharp spectral peaks (red curves) arise from the phonon-polariton excitations. The phonon-polariton resonance corresponds to a wavelength of 42 lm. Since all the three gap sizes chosen here (d ¼ 10 nm, 1 lm, and 10 lm) are significantly smaller than the phononpolariton wavelength, the system is in the near-field regime for all these three gap sizes. The height of the spectral peaks increases dramatically as one goes from d ¼ 10 lm to d ¼ 10 nm, indicating very significant enhancements of heat transfer in the near field. In Figs. 3(a) and 3(b) , the broad spectra plateaus (blue curves) are due to electronic excitations. The lower cut-off frequency of the plateaus for both emitter temperatures remains constant around the band gap frequency x g ¼ 1.1 Â 10 15 rad/s of GaSb. The width of plateaus is approximately k B T 1 since the net heat transfer is dominated by the emission of Tungsten.
The band gap of GaSb corresponds to a wavelength of 1.7 lm. Thus, the system is in the far-field regime with d ¼ 10 lm and is starting to enter the near-field regime with d ¼ 1 lm. The spectral plateaus for these two gap sizes (blue dashed and dashed-dotted lines in Fig. 3 ) therefore approximately overlap, since in the far field the heat transfer is independent of the gap size. As one further reduces the gap size to d ¼ 10 nm, the heights of the plateaus increase dramatically due to the enhanced heat transfer in the near field.
At Fig. 3(a) ], we see that the heat transfer due to the electronic excitations (blue curves) significantly dominates over that due to the phonon-polaritons for all gap sizes. In contrast, at T 1 ¼ 800 K [ Fig. 3(b) ], the contributions of phonon-polaritons to the heat transfer become significant in the near field. To further illustrate this point, we plot the spectrally integrated heat transfer power density due to electronic excitation (E e in Eq. (4) with V ¼ 0) and phononpolariton (E p in Eq. (5)) as a function of gap size d in Fig. 4 . At T 1 ¼ 2000 K, the heat transfer from the electronic excitation dominates that from the phonon-polariton by several orders of magnitude for all gap sizes [ Fig. 4(a) ]. As a result, phonon-polariton does not play a significant role at such elevated emitter temperature. Both the system efficiency and the electric power density improve as one reduces the gap size to the near-field region [ Fig. 2(a) ]. In contrast, at lower emitter temperature of T 1 ¼ 800 K, the electronic excitation has a contribution that is more than two-orders of magnitude larger than that of the phonon-polariton in the far field, but only a factor of 2 larger as d reduces to 10 nm. As a result, the phonon-polariton plays a significant role in the near field. The system efficiency degrades significantly as the gap size decreases as shown in Fig. 2(a) . Our observation here, that from efficiency consideration, in TPV one needs to eliminate sub-band gap absorption and emission, and hence for wasteheat recovery one needs to eliminate phonon-polariton contribution, is consistent with the conclusion of Ref. 26 that discussed the theoretical condition for ideal near-field TPV systems. In the W-GaSb system, the phonon-polariton plays a negligible role in the far-field regime, and hence does not affect the system efficiency for the far-field TPV system.
In TPV applications, the available power density decreases rapidly as one reduces the emitter temperature. For waste heat recovery, since the emitter is typically at a much lower temperature, the capability to use the near field to enhance the electric power density is therefore particularly attractive. To overcome the efficiency deterioration in the near field as discussed above, we consider the use of a Ge photovoltaic cell. Since Ge is non-polar, it does not have a phonon-polariton response. For the Ge system, both the system efficiency and the electric power density improve as one reduces the gap size, as shown in Figs. 2(c) and 2(d) .
In summary, in this letter, we have shown that the parasitic phonon-polariton heat transfer that can occur in a conventional TPV system which utilizes a III-V semiconductor cell has detrimental effect on the system efficiency, especially when the emitter has a relatively low temperature. We further propose avoiding this outcome by choosing a nonpolar cell material. Our work points to the important opportunities of operating TPV device in the near field for waste heat recovery.
